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NASA TT F-10,711 . 

THE PHOTOSENSITIZING ACTIVITY OF CHLOROPHYLL I N  COACERVATES 

K. B. Serebrovskaya, V. B. Yevstigneyev, V. A. Gavrilova,  A. I. Oparin 
( I n s t i t u t e  of  Biochemistry imeni A.N. Bakh, Academy of Sciences USSR, Moscow) 

Coacervates containing chlorophyl l  are der ived from 
serum albumin and potassium o l e a t e  i n  50% alcohol.  
Experiments w i t h  coacervates  having a d e f i n i t e  chlorophyl l  
content  showed t h a t  t h e  pho tosens i t i z ing  a c t i v i t y  i n  the 
coacervate ,  chlorophyll-containing drops is  s i g n i f i c a n t l y  
h ighe r  than i n  t h e  surrounding l i q u i d ,  which a l s o  con ta ins  
chlorophyl l .  
t o  exp la in  t h i s  phenomenon. 

This paper p re sen t s  some cons ide ra t ions  

According t o  modern ideas  (Ref. l), t h e  formation of coacervates i n  t h e  
hydrosphere w a s  an important s t e p  i n  t h e  o r i g i n  of l i f e .  The c h a r a c t e r i s t i c  
f e a t u r e  of l i v i n g  matter i s  t h e  constant  interchange of substances and energy 
wi th  t h e  surrounding environment; i n  t h i s  s ense ,  a l l  l i v i n g  organisms belong 
t o  t h e  so-cal led open systems. 
always supported by t h e  use of energy which must come from t h e  environment i n  
t h e  form of chemical o r  r a d i a n t  energy (Ref. 2 ) .  

/ 3 4 *  

A s t a t i o n a r y  s ta te  i n  an open system is  

From t h i s  viewpoint, a very important r o l e  i n  t h e  development of l i f e  can 
be  a t t r i b u t e d  t o  coacervate  systems, which inc lude  t h e  porphyrins,  which are 
capable of converting t h e  energy of a ray of t h e  Sun i n t o  energy of t h e  system. 
Colored compounds of t h i s  type may, as has now been e s t a b l i s h e d  (Ref. 3 ,  4 ) ,  
be  a b i o g e n e t i c a l l y  synthesized.  

The Dutch school  of experimenters has demonstrated t h a t  coacervate  drops 
may, on t h e  one hand, adsorb dyes (Ref. 5 )  and, on t h e  o t h e r ,  may be  formed 
under t h e  e f f e c t  of dyes (Ref. 6 ) .  It should t h e r e f o r e  b e  expected t h a t  i t  
would be  p o s s i b l e  a r t i f i c i a l l y  t o  der ive coacervates  which contaiiied chloro- 
phy l l .  

It has r e c e n t l y  been shown t h a t  chlorophyl l  is  capable of s e n s i t i z i n g  t h e  
r e a c t i o n s  of oxidat ion and reduct ion i n  t h e  adsorbed (Ref. 7) and aggregated 
s ta te  (Ref. 8).  I n  t h e s e  cases t h e  s e n s i t i z i n g  a c t i o n  of ch lo rophy l l  apparent- 
l y  unfolds  on t h e  boundary between the r e in fo rced  sensi t izer-pigment  molecules 
and the aqueous medium containing t h e  e l e c t r o n  donor and acceptor  (hydrogen). 

I n  t h e  f i r s t  approximation, chlorophyl l  adsorbates  may be regarded as 
models approximating t h e  n a t u r a l  state of t h e  ch lo rophy l l  i n  t h e  c h l o r o p l a s t  
g ranu le s ,  where t h i s  pigment i s  concentrated i n  t h e  form of t h i n ,  poss ib ly  
monomolecular l a y e r s  on a p r o t e o l i p i d e  c a r r i e r  (Ref. 9 ) .  
b e  expected t h a t  the chlorophyl l  contained i n  coacervates might a l s o  possess  
t h e  capac i ty  of pho tosens i t i va t ion .  From t h e  methodological viewpoint, i t  
would be  very i n t e r e s t i n g  t o  discover a f a c t  of t h i s  s o r t ,  and i t  would open 
pa ths  t o  f u r t h e r  i n v e s t i g a t i o n s .  

* 

It should t h e r e f o r e  

Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  fo re ign  t e x t .  
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Production of Coacervates Containing Chlorophyll 

Subs t ance 

When producing coacervates  f o r  t h e  above-indicated s imulat ion,  w e  pro- 
ceeded from t h e  f a c t  t h a t  t h e  bulk of t h e  ch lo rop la s t  granule  i s  composed of 
p r o t e i n s  bound with l i p i d e s .  I n  our work we t h e r e f o r e  u t i l i z e d  a p r o t e o l i p i d e  
coacervate  der ived according t o  t h e  Bungenberg-de-Jong method (Ref. 10). The 
l i q u i d  phase of t h i s  coacervate comprised 50% e t h y l  a lcohol .  Human serum 
albumin obtained from t h e  Vaccine and Serum I n s t i t u t e  imeni I. I. Mechnikov 
w a s  used as t h e  p r o t e i n  component of t h e  coacervate.  
because i t s  i s o e l e c t r i c  p o i n t  is  c l o s e  to t h a t  of t h e  g e l a t i n  u t i l i z e d  by 
Bungenberg-de-Jong. The l i p i d e  component of t h e  coacervate  w a s  o l e i c  acid.  

This p r o t e i n  w a s  chosen /35 

Each Component 
of T o t a l  Drop I Equilibrium Liquid Drops 

To maintain t h e  necessary pH, w e  used potassium t e t r a b o r a t e  which w e  ob- 
t a i n e d  by o r d e r  of t h e  I n s t i t u t e  of Pure Reagents. 

1. P r o t e i n  
2. L ip ide  
3. Chlorophyll  

The coacervate  w a s  produced as follows: 370 mg of o l e i c  ac id  and 73 mg of 
KOH w e r e  d i s so lved  i n  10 cc of a 0.2% s o l u t i o n  of K2B407. 200 mg of p r o t e i n  

w a s  d i s so lved  i n  t h e  same q u a n t i t y  of 0.2% s o l u t i o n  of t e t r a b o r a t e .  These 
s o l u t i o n s  w e r e  mixed and gave a so-called reserve s o l u t i o n ,  which w a s  s t o r e d  
a t  4°C i n  a r e f r i g e r a t o r .  To form t h e  coacervate,  0.5 cc of 0.75M K C 1  w a s  
added t o  1 cc of t h e  reserve so lu t ion .  When an equa l  volume of concentrated 
s o l u t i o n  of chlorophyl l  i n  a lcohol  (E = 60) w a s  added t o  t h i s  coacervate  

suspens ion , fn  50% a lcoho l  w a s  formed, and thus  a t e r n a r y  coacervate  of p ro te in -  
l i p ide -ch lo rophy l l  composition w a s  obtained. The r e s u l t s  der ived from studying 
the composition of t he  coacervate derived are shown i n  Table 1. 

coacervate suspension 665 

45 17.2 55 137.5 32 
30 11.5 70 175.0 63 
16 6.1 84 210.0 5 

TABLE 1 

BASIC COMPOSITION OF COACERVATE OF SERUM ALBUMIN, POTASSIUM OLEATE, 
AND CHLOROPHYLL I N  A 50% STANDARD* 

Phase D i s t r i b u t i o n  of Substance, % I Percentage of 

I 4 5 6 

The following methods were applied t o  analyze coacervate  composition. 
The p r o t e i n  w a s  determined according t o  t h e  method of Kjeldahl*. To determine 

~ ~ 

* T. L. Auerman and N. V. Vasil 'yeva determined t h e  p r o t e i n  and a s c o r b i c  ac id .  
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* %  

t h e  ch lo rophy l l ,  3 cc of coacervate  suspension w a s  cen t r i fuged  a t  2000 rpm f o r  
10 minutes,  t h e  supernatant  w a s  d i l u t e d  f i v e  t i m e s ,  and its o p t i c a l  dens i ty  a t  
665 mi l l imic rons  (E ) w a s  found on a S F - 4  spectrophotometer. The coacervate  

r e s i d u e  w a s  d i s so lved  i n  15 cc of a lcohol ,  d i l u t e d  50 t i m e s ,  and t h e  E665 w a s  

measured. W e  w e r e  unsuccessful i n  performing a q u a n t i t a t i v e  e x t r a c t i o n  of t h e  
l i p i d e  from t h e  r e s idue  and p a r t i c u l a r l y  from t h e  equi l ibr ium l i q u i d ,  s i n c e  
r e s i d u e  and l i q u i d  a l s o  con ta in  t h e  second lyophobic substance -- chlorophyl l .  
W e  t h e r e f o r e  determined t h e  l i p i d e  by t h e  d i f f e rence  when w e  knew the  dry 
weight of t h e  r e s idue  and t h e  content i n  p r o t e i n  and chlorophyl l .  

665 

Centr i fuging Period,  min 

Chlorophyll  i n  Equilibrium Liquid,  
% of t h a t  used i n  experiment 

The t a b l e  shows t h a t  t h e  bulk of t h e  chlorophyl l  is  concentrated i n  drops. 
The p r o t e i n  and lip-i.de are a l s o  no t i ceab ly  concentrated i n  drops. 

5 10 15 20 25 

17.4 16.3 16.3 15.4 14.1 

Within c e r t a i n  l i m i t s ,  t h e  pe r iod  of cen t r i fug ing  exe r t ed  no e f f e c t  on t h e  
completeness w i t h  which t h e  coacervate drops w e r e  precipated.  The equ i l ib r ium 
l i q u i d  i n  a l l  cases contained p r a c t i c a l l y  no drops ( in spec t ion  a t  a magnifica- 
t i o n  of 900 t i m e s  under t h e  microscope) (Table 2) .  

TABLE 2 

EFFECT OF CENTRIFUGING PERIOD ON PRECIPITATION OF COACERVATE DROPS 

I I I I I I I 

It w a s  i n t e r e s t i n g  t o  n o t e  out  how d i f f e r e n t  concentrat ions of chlorophyll/36 
i n  t h e  a l c o h o l i c  s o l u t i o n  t o  be  added a f f e c t e d  drop formation, as w e l l  as 
whether chlorophyl l  concentrat ion i n  the drops depended on ch lo rophy l l  content  
i n  t h i s  s o l u t i o n .  

3.75, 1 . 8 7 ,  and 0.94 w e r e  taken f o r  experimentation. One and a h a l f  cc of each 
s o l u t i o n  w a s  added t o  1.5 cc of coacervate suspension, and a f t e r  drop formation 
t h i s  w a s  cen t r i fuged  f o r  10 minutes. 
geneous l i q u i d ,  w e  t ook  0.6 cc and added i t  t o  6 cc of t h e  d i l u t i o n  mixture.  
This mixture  w a s  prepared from 1 volume of t h e  t e t r a b o r a t e  used i n  t h e  experi-  
ment, 0.5 volume of 0.75M KC1,  and 1.5 volume of a l coho l  -- i . e . ,  i n  t h e  same 
r a t i o  of osmotic f a c t o r s  i n  t h e  medium as i n  coacervation. The d i l u t e  e q u i l i -  
brium l i q u i d  w a s  subjected t o  spectrophotometry a t  665 mil l imicrons.  

Chlorophyll s o l u t i o n s  w i t h  E665 va lues  of 60, 30, i5, 7.5, 

From t h e  supe rna tan t ,  which w a s  a homo- 

The volume of coacervate drops i n  t h e  suspension w a s  determined by t h e  
fol lowing d i r e c t  method. 
rpm f o r  10 minutes. The equi l ibr ium l i q u i d  w a s  c a r e f u l l y  decanted from t h e  
r e s i d u e ,  and i t s  volume w a s  measured. The equ i l ib r ium l i q u i d  volume i n  a l l  
chlorophyl l  concentrat iomwhich we s t u d i e d  proved t o  b e  2.7 cc -- i .e.,  t h e  
drops comprised about 10% of t h e  volume of t h e  whole suspension. 

The coacervate suspensions were cen t r i fuged  a t  2000 
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From the  l i t e r a t u r e ,  t h e  following formula f o r  determining coacervate 
res idue  volume by a refractometer  is  f a m i l i a r  (Ref. 11 ) :  

where V is t h e  coacervate l a y e r  volume, and n n and n respec t ive ly ,  are 

the  r e f r a c t i v e  i n d i c e s  of the  coacervate layer ,  equi l ibr ium l i q u i d ,  and the  
system without coacervate.  

C c'  e' m' 

W e  attempted t o  use t h i s  method f o r  ve r i fy ing  t h e  r e s u l t s  of d i r e c t  
measurement, but  w e  w e r e  unsuccessful i n  determining t h e  coacervate  l a y e r ' s  
c o e f f i c i e n t  of r e f r a c t i o n ,  which i s  required f o r  c a l c u l a t i o n s  according t o  the  
formula. On the  b a s i s  of t he  measurement r e s u l t s  which w e  obtained,  however, 
w e  were a b l e  t o  conclude t h a t  the  main inf luence on the  coacervate of serum 
albumin and potassium o l e a t e  is exerted by the  a lcohol ,  while changes i n  
chlorophyl l  concentrat ion have no pe rcep t ib l e  e f f e c t  on the  volume of t he  co- 
ace rva te  l aye r .  
rium l i q u i d  does not  change, then the  data  on the  coacervate l a y e r  volume -- 
which w e  obtained by a coarser  method -- neve r the l e s s  r e f l e c t  t h e  a c t u a l  s ta te  
of a f f a i r s .  

It may be assumed t h a t  i f  t h e  r e f r a c t i v e  index of t he  e q u i l i b -  

TABLE 3 

EFFECT OF CHLOROPHYLL SOLUTION CONCENTRATION ON DISTRIBUTION 
OF PIGmNT AMONG COACERVATE PHASES 

D r y  
Weight 

Residue 
of 

0 . 4  

0 ,  onor, 
0 ,  OOGCi 
n ,0054 
0,0039 
0,0038 

0,0021 
0,0033 

Table 3 summarizes the  f indings obtained on the  in f luence  of ch lo rophy l l  
s o l u t i o n  concent ra t ion ,  which i s  added during coacervate formation, upon t h e  
chlorophyl l  d i s t r i b u t i o n  between the equi l ibr ium l i q u i d  and drops. Column 2 
gives  t h e  o p t i c a l  dens i ty  a t  665 mill imicrons a f t e r  a twofold volume i n c r e a s e  
when the  s o l u t i o n s  are mixed. 

Column 6 gives  t h e  measured values of t h e  optimum dens i ty  of t h e  e q u i l i b -  
rium l i q u i d  (e.1.) a f t e r  centr i fuging.  Column 5 gives  o p t i c a l  dens i ty  of / 37 
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and cons ide ra t ion  of drop volume. E665 drops computed from measurement of e.1. 

Columns 8 and 9 show t h e  amount of chlorophyll  i n  conventional u n i t s  (ext inc-  
t i o n  p e r  u n i t  of volume is taken as t h e  un i t )  i n  l i q u i d  and drops. 

The d a t a  i n  Table 3 once more (see Table 1) i n d i c a t e  t h a t  t h e r e  i s  a 
s t r o n g  concen t r a t ion  of chlorophyl l  i n  the coacervate drops; i n  a l l  cases t h e  
e x t i n c t i o n  c o e f f i c i e n t  of t h e  drops is  considerably h ighe r  than t h a t  of t h e  
equ i l ib r ium s o l u t i o n .  The e x t i n c t i o n  r a t i o  increases as concentrat ion of t h e  
o r i g i n a l  s o l u t i o n  becomes g r e a t e r .  

Pigment concen t r a t ion  i n  t h e  drops is apparent ly  p r imar i ly  a s s o c i a t e d  with 
inc reased  concentrat ion of t h e  b a s i c  coacervate components -- p r o t e i n  and 
l i p i d e  -- which inc lude  t h e  chlorophyll .  However, as follows from Table 1, 
t h e  concen t r a t ion  of t h e s e  components i n  t h e  drops goes up p e r c e p t i b l y  less 
than does pigment concentrat ion.  The condi t ions f o r  adsorpt ion of chlorophyl l  
on t h e  p r o t e i n  and l i p i d e  are apparent ly  gene ra l ly  more f avorab le  i n  t h e  drops 
than i n  t h e  equi l ibr ium l i q u i d .  

The reason why t h e  dry weight of the drop r e s idue  (Table 3,  column 11) i n  

It may b e  assumed t h a t  
an i d e n t i c a l  volume no t i ceab ly  decreases as concentrat ion of t h e  o r i g i n a l  
chlorophyl l  s o l u t i o n  diminishes i s  n o t  e n t i r e l y  clear. 
t h i s  i nvo lves ,  f i r s t ,  a reduct ion i n  the  amount of chlorophyl l  e n t e r i n g  t h e  
drops,  and, secondly,  t h e  lesser hydrat ion of t h e  p r o t e i n - l i p i d e  complex when 
t h e r e  is  a l a r g e  amount of pigment. 

It is  as y e t  d i f f i c u l t  t o  say wi th  exac t i t ude  i n  what s ta te  t h e  chlorophyll 
i n  t h e  i n v e s t i g a t e d  coacervate system occurs. 
app rec i ab le  amount of pigment i n  t h e  equi l ibr ium l i q u i d ,  t h e  r ed  f luorescence 
of t h e  drops and equi l ibr ium l i q u i d ,  and t h e  r e s u l t s  of microscopic observa- 
t i o n s  f o s t e r  t h e  conclusion t h a t  t h e  chlorophyl l  i n  t h i s  system is  c h i e f l y  i n  
a s ta ts  zf zdsorpt ion on t h e  molecules of t h e  p r o t e i n - l i p i d e  complex -- i n  t h e  
same way as on de te rgen t s .  

However, t h e  presence of an 

Because of decreased molecule hydrat ion i n  coacervate  formation, t h e  con- 
d i t i o n s  f o r  chlorophyl l  adsorpt ion become even more favorable ,  which l e a d s  t o  
inc reased  chlorophyl l  concentrat ion i n  t h e  drops. 

When more co-trated chlorophyl l  s o l u t i o n s  are used -- as, f o r  example, 
i n  experiments 1 and 2 (Table 3)-- su r face  adsorpt ion of chlorophyl l  on t h e  
molecule aggregates  may apparent ly  a l s o  occur. 
f a c t  t h a t  t h e  chlorophyl l  passes  i n t o  s o l u t i o n  more r e a d i l y  i n  t h i s  case when 
washing wi th  t h e  equi l ibr ium l i q u i d  (without chlorophyl l ) .  

An i n d i c a t i o n  of t h i s  is  t h e  

Photochemical Experiments 

To s tudy  t h e  pho tosens i t i z ing  capaci ty  of ch lo rophy l l  found i n  coacervates, 

This r e a c t i o n  h a s  been r epea ted ly  employed 
w e  s e l e c t e d  t h e  r e a c t i o n  of reducing methyl red by a s c o r b i c  ac id .  
pounds do n o t  i n t e r a c t  i n  darkness. 
i n  previous experiments (Ref. 7 - 9) .  

These com- 
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Methyl r e d  and a sco rb ic  a c i d  w e r e  introduced i n t o  a coacervate  suspension 

containing ch lo rophy l l ,  and t h e  mixture obtained w a s  i l l umina ted  under anaero- 
b i c  cond i t ions  through a r ed  f i l t e r  passing l i g h t  absorbed only by t h e  chloro- 
p h y l l .  

I f  t h e  chlorophyl l  possesses  photosensi t iz ing a c t i v i t y ,  t h e  methyl r ed  
should g radua l ly  l o s e  co lo r  under i l luminat ion,  as may b e  judged by t h e  f ind-  
i ngs  of spectrophotometry a t  520 mill imicrons.  

Figure 1 g ives  t h e  r e s u l t s  of one 
of t h e s e  experiments. It follows from 
t h i s  t h a t  t h e  ch lo rophy l l  i n  t h e  coacer- 
vate system does i n  f a c t  -- l i k e  aggre- 
gated and adsorbed ch lo rophy l l  -- have 
the  capac i ty  t o  p h o t o s e n s i t i z e  oxida- 
t i o n  and r educ t ion  r eac t ions .  

1 3 8  

The coacervate  system, however, is  
d i s t ingu i shed  from t h e  above-mentioned 
systems i n  that t h e  pigment i s  contained 
i n  t h i s  case n o t  only i n  t h e  concen- 
t r a t e d  s t r u c t u r e s ,  b u t  a l s o  i n  t h e  
surrounding l i q u i d .  Therefore,  t h e  
quest ion arises as t o  t h e  r e l a t i v e  phot@ 
chemical r o l e  of t h e  pigment s i t u a t e d  i n  
one phase o r  t h e  o the r .  

, 
0 5 6  MU 1 

- cc(l I 

Figure 1 

(a)  - Darkness; (b) - Ligh t ;  To r e s o l v e  t h i s  ques t ion  we c e n t r i -  
(c) - t ,  min fuged the equ i l ib r ium l i q u i d  from t h e  

coacervate  drops,  conducted t h e  photo- 
chemical r e a c t i o n  wi th  i t ,  and compared 

t h e  e f f i c i e n c y  of th i s  r e a c t i o n  wi th  t h a t  when the unseparated coacervate  sys- 
t e m  w a s  used. 

From t h e  previous experiments, i t  had become clear t h a t  i t  w a s  necessary 
t o  conduct similar experiments with coacervates containing a s m a l l  q u a n t i t y  of 
ch lo rophy l l ,  because t h e  high chlorophyl l  concen t r a t ion  i n  t h e  drops caused 
severe screening and, as a r e s u l t ,  reduced the e f f i c i e n c y  of t h e  a c t i o n  of 
t h e  l i g h t  absorbed. I n  experiments with concentrated s o l u t i o n s  (e.g., as a t  
t h e  top of Table 3 ) ,  removal of t h e  coacervate r e s i d u e  by cen t r i fug ing  n o t  
only d i d  no t  reduce, b u t  even acce le ra t ed ,  t h e  speed of t h e  p h o t o s e n s i t i z i n g  
r e a c t i o n .  

Figure 2 g ives  t h e  r e s u l t s  of comparing t h e  course of t h e  methyl-red 
deco lo r i z ing  r e a c t i o n  when using coacervates obtained by employing very d i l u t e  
s o l u t i o n s  of chlorophyl l  i n  a lcohol  (1 -- equ i l ib r ium l i q u i d ,  2 -- suspension).  
W e  may see t h a t  i n  t h e s e  cases, r e a c t i o n  e f f i c i e n c y  i s  p e r c e p t i b l y  h ighe r  i n  
t h e  presence of drops. 

It should be  mentioned t h a t ,  i n  o rde r  t o  conduct spectrophotometr ic  mea- 
surements, t h e  photochemical experiments w e r e  i n  every case c a r r i e d  o u t  w i th  
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(a)  - t ,  min 

e levenfo ld  d i l u t i o n  of t he  o r i g i n a l  suspension. The volume of t h e  drops i n  
these  experiments,  t he re fo re ,  d id  not  exceed 1% of t h e  t o t a l  volume. I n  s p i t e  
of t h i s  s m a l l  volume, t he  presence of drops i n  t h e  s o l u t i o n  exer ted  a c l e a r l y  
apparent acce le ra t ing  e f f e c t  on t h e  course of t h e  r eac t ion .  

I n  Table 4 w e  have attempted t o  make a numerical comparison of t h e  e f f i -  f39 
ciency of t h e  s e n s i t i z i n g  a c t i o n  of t h e  equi l ibr ium l i q u i d  and of t h e  drops and 
have sca l ed  t h i s  e f f i c i ency  p e r  u n i t  of volume. 

TABLE 4 

SENSITIZING EFFECT IN SUSPENSION AND EQUILIBRIUM L I Q U I D  

Quantity V, 

d w l l  I 

of suspe , Liqui d 

I 1 2 1 3  

p e r  Volu- 
metric Unit 

4 1 5 1 6 1  7 1  

As t h e  measure of t h e  r eac t ion  rate, w e  convent ional ly  chose t h e  quan t i ty  
of methyl-red decolored i n  t h e  f i r s t  minute of i l l umina t ion  expressed as a 
percentage of i t s  o r i g i n a l  quan t i ty ,  which w a s  almost t h e  same i n  a l l  experi-  
ments (columns 2 and 3 ) .  

The por t ion  of decolored methyl red p e r  drop (column 4 )  w a s  obtained as 
t h e  d i f f e r e n c e  between the  da t a  i n  columns 2 and 3. 

The f i g u r e s  of columns 5 and 6 ,  derived by d iv id ing  t h e  f i g u r e s  i n  columns 
3 and 4 by t h e  volumes of l i q u i d  and res idue  ( 4  cc  and 0.04 cc), r e s p e c t i v e l y ,  
show t h e  amount of methyl-red which would be decolored i n  the  presence of a 
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u n i t  volume of  t h e  equi l ibr ium l i q u i d  (column 5) and of t h e  drops (column 6) .  
These f i g u r e s  c l e a r l y  i n d i c a t e  t h e  s u b s t a n t i a l l y  g r e a t e r  e f f i c i e n c y  of t h e  
s e n s i t i z i n g  a c t i o n  of t h e  coacervate  drops i n  comparison t o  t h e  similar i n f l u -  
ence of t h e  equ i l ib r ium l i q u i d .  

It i s  n a t u r a l  that  the reason f o r  this f a c t  i s  t h e  appreciably g r e a t e r  
ch lo rophy l l  concentrat ion i n  t h e  drops. However, a s imple c a l c u l a t i o n  shows 
t h a t  t h e  r a t i o  of chlorophyl l  concentrat ion i n  drops and l i q u i d  is  a f t e r  a l l  
p e r c e p t i b l y  less than t h e  corresponding r a t i o  of t h e  r e a c t i o n  rates. 

I f ,  i n  f a c t ,  w e  t ake  as an example the experiment w i th  an i n i t i a l  chloro- 
p h y l l  o p t i c a l  dens i ty  of E = 0.12, then t h e  d a t a  i n  columns 5 and 6 of 

Table 3 ( t ak ing  i n t o  account t h e  elevenfold d i l u t i o n  of t h e  equi l ibr ium l i q u i d )  
i n d i c a t e  t h a t  t h e  concentrat ion of chlorophyll  i n  t h e  drops -- which has  re- 
mained unchanged during d i l u t i o n  of t h e  suspension -- exceeds i t s  concentrat ion 
i n  t h e  equ i l ib r ium l i q u i d  by a f a c t o r  of 2.5 x 11 = about 28, while  t h e  reac- 
t i o n  i s  81 t i m e s  more i n t e n s e  (column 7, Table 4 ) .  

665 

From t h i s  i t  follows t h a t  t h e  i n t e n s i t y  of t h e  pho tosens i t i z ing  a c t i o n  of 
t h e  ch lo rophy l l  i n  t h e  drops a t  t h e  given i n i t i a l  concentrat ion i s  2 t o  2.5 
t i m e s  h i g h e r  than i n  t h e  equi l ibr ium l i q u i d .  

A s imilar  p i c t u r e  i s  a l s o  der ived i n  t h e  case of even more d i l u t e  s o h -  
t i o n s .  

<con of 1.7 x 11 = 1 9  t i m e s ,  whi le  t h e  r e a c t i o n  rate r o s e  by a f a c t o r  of 35. 

For a case wi th  E665 = 0.06, t he re  w a s  a r ise i n  chlorophyl l  concentra- 

I n  t h e  coacervate  drops,  condi t ions are t h e r e f o r e  apparent ly  e s t a b l i s h e d  

The cause of t h i s  may be  the  change i n  t h e  s ta te  of t h e  chloro- 
which f avor  a c e r t a i n  i n t e n s i f i c a t i o n  of t h e  pho tosens i t i z ing  a c t i v i t y  of 
chlorophyl l .  
p h y l l  i t s e l f ,  which i n  our case is unl ikely.  A t  t h e  same t i m e  t h e r e  may be  
an improvement i n  t h e  condi t ions under i ~ h i c h  t h e  r e a c t i o n  takes  i t s  course,  
an improvement which depends on t h e  other  r e a c t i o n  components -- hydrogen donor 
and accep to r ,  i n  p a r t i c u l a r  -- because of their p a r t i a l  adsorpt ion.  

I n  o rde r  t o  d e r i v e  d a t a  on t h e  e f f e c t  exe r t ed  by coacervate  drop formation/40 
on t h e  phase d i s t r i b u t i o n  of a sco rb ic  ac id  and methyl-red, w e  determined t h e  
content  of t h e s e  substances i n  t h e  whole system and i n  t h e  equ i l ib r ium l i q u i d  
a f t e r  cen t r i fug ing .  Coacervate s o l u t i o n s  d i l u t e d  eleven t i m e s  were u t i l i z e d  
f o r  t h e  experiments. The methyl-red was spectrophotometr ical ly  determined a t  
520 mil l imicrons.  The a sco rb ic  a c i d  w a s  found by F u j i t a  and Ebihara 's  method 
(Ref. 12)  with 2,6-dichlorophenylindophenol. 

The f ind ings  l i s t e d  i n  Table 5 i n d i c a t e  t h a t  t h e  a sco rb ic  a c i d  i s  appar- 
e n t l y  uniformly d i s t r i b u t e d  through the  whole system, wh i l e  t h e  methyl-red is  
concentrated i n  t h e  drops, b u t  t o  an appreciably lesser degree than chlorophyll ,  
I f ,  however, w e  take t h e  small volume of t h e  drops i n t o  cons ide ra t ion ,  then 
t h e  lesser e x t i n c t i o n  of t h e  methyl-red i n  t h e  equ i l ib r ium l i q u i d  may a f t e r  all 
s i g n i f y  a s u b s t a n t i a l  concentrat ion of dye i n  t h e  drops,  and t h i s  may be  con- 
ducive t o  development of t h e  photosensi t ized r e a c t i o n .  
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TABLE 5 

DISTRIBUTION OF DYE AND ASCORBIC ACID BETWEEN COACERVATE PHASES 

Mixture Name Ascorbic 
Acid, cc  

1. Coacervate 
2. Equilibrium l i q u i d  

The experiments descr ibed the re fo re  i n d i c a t e  

Phase Dye, 
E520 

0.422 
0.395 

~ ~ ~~ 

t h a t  t h e  formation of coacer- 
v a t e s  apparent ly  favors  t h e  photosens i t iz ing  a c t i v i t y  of t h e  pigment, i n  com- 
pa r i son  t o  t h e  system with uniform d i s t r i b u t i o n  of t h e  s e n s i t i z e r .  

The coacervate  drops may apparent ly  be regarded as c i r c u l a t i n g  systems i n  
which t h e  e l e c t r o n  donor and acceptor  (hydrogen) a r e  con t inua l ly  en te r ing  and 
from which t h e  r eac t ion  products leave  

A s  a r e s u l t  of t h e  great i n t e n s i t y  of t h e  s e n s i t i z e d  reduct ion of methyl- 
r ed  by a sco rb ic  ac id  wi th in  t h e  drops,  the  concent ra t ion  of t hese  substances 
i n  t h e  drops i<- f a c t  r ap id ly  becomesless than t h a t  i n  t h e  equi l ibr ium l i q u i d .  
As a consequence t h e r e  is  in t ens ive  d i f fus ion  of t hese  reagents  from t h e  ex- 
t e r n a l  l i q u i d  wi th in  t h e  drops. A t  t he  same t i m e  t he  great concent ra t ion  of 
r e a c t i o n  products w i th in  t h e  drops causes them t o  d i f f u s e  i n t o  t h e  surrounding 
so lu t ion .  

We should l i k e  t o  regard t h e  chlorophyll-containing, i l lumina ted  coacer- 
v a t e  drops as one of t h e  most p r imi t ive  forms of metabolism, which takes  p l ace  
under t h e  in f luence  of absorbed l i g h t  energy. 

Conclusions 

1. Coacervates containing chlorophyl l  are der ived from serum albumin and 
potassium o l e a t e  i n  50% alcohol .  Pigment concent ra t ion  i n  t h e  coacervate  
drops proved t o  be  s u b s t a n t i a l l y  h igher  than i n  t h e  equi l ibr ium l i q u i d .  From 
a series of observat ions,  i t  may be  assumed t h a t  t h e  ch lorophyl l  i n  t he  given 
system is  c h i e f l y  found i n  the  adsorbed s ta te  on t h e  molecules of t h e  p r o t e o l i -  
p ide  complex, which acts as a detergent .  

2.  The chlorophyll-containing coacervate  suspension has  a photosensi-  
t i z i n g  in f luence  upon t h e  oxidat ion-reduct ion r e a c t i o n  between methyl-red and 
a sco rb ic  ac id ,  which do not  r e a c t  with each o t h e r  i n  darkness. 

Experiments with coacervates  having a d e f i n i t e  ch lorophyl l  content  showed 
t h a t  t h e  photosens i t iz ing  a c t i v i t y  i n  t h e  coacervate ,  chlorophyl l -containing 
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drops is s i g n i f i c a n t l y  h ighe r  than i n  t h e  surrounding l i q u i d ,  which a l s o  con- 
t a i n s  chlorophyl l .  
phenomenon. 

This paper p re sen t s  some cons ide ra t ions  t o  exp la in  t h i s  
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